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Drosophila adult structures derive from imaginal discs, which are sacs with apposed epithelial sheets, the disc proper (DP) and the peripodial
epithelium (PE). The Drosophila TGF-β family member decapentaplegic (dpp) contributes to the development of adult structures through
expression in all imaginal discs, driven by enhancers from the 3′ cis-regulatory region of the gene. In the eye/antennal disc, there is 3′ directed dpp
expression in both the DP and PE associated with cell proliferation and eye formation. Here, we analyze a new class of dpp cis-regulatory
mutations, which specifically disrupt a previously unknown region of dpp expression, controlled by enhancers in the 5′ regulatory region of the
gene and limited to the PE of eye/antennal discs. These are the first described Drosophila mutations that act by solely disrupting PE gene
expression. The mutants display defects in the ventral adult head and alter peripodial but not DP expression of known dpp targets. However,
apoptosis is observed in the underlying DP, suggesting that this peripodial dpp signaling source supports cell survival in the DP.
© 2006 Elsevier Inc. All rights reserved.Keywords: Drosophila; TGF-β; Decapentaplegic; dpp; Peripodial epithelium; Head capsuleIntroduction
InDrosophila, the decapentaplegic (dpp) gene is the primary
ligand of the TGF-β/BMP signal transduction pathway. dpp is
continuously redeployed during embryonic and larval life to
control cellular fate, cellular growth, and spatial patterning. The
complexity of dpp expression is reflected in its cis-regulatory
structure, which includes both 5′ and 3′ regulatory regions
(Blackman et al., 1991; St Johnston, 1988; Stultz et al., 2005).
As a consequence of this gene structure, dpp cis-regulatory
mutations, which remove specific aspects of expression, have
been isolated and studied (Segal and Gelbart, 1985; Spencer
et al., 1982). We have isolated (Stultz et al., 2005) and are⁎ Corresponding author. Fax: +1 301 827 0449.
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doi:10.1016/j.ydbio.2006.05.034analyzing a novel class of cis-regulatory mutations of dpp
that affect the ventral adult head specifically.
The adult head of Drosophila is largely formed by the eye/
antennal imaginal disc (Bryant, 1978). Previous work has
shown that dpp is critical to eye formation (Heberlein et al.,
1993; Pignoni and Zipursky, 1997; Treisman and Rubin, 1995).
It has been invoked as an eye-promoting gene, antagonizing the
expression of theWnt gene wingless (wg), which promotes head
capsule development by repressing dpp and retinal formation
(Dominguez and Casares, 2005; Royet and Finkelstein, 1997;
Treisman and Heberlein, 1998).
Imaginal discs are often viewed as epithelial monolayers. In
fact, they are sacs, with a cuboidal epithelium, the disc proper
(DP), and an overlying squamous epithelium, called the
peripodial membrane or peripodial epithelium (PE). Various
roles are invoked for the PE. The primordia of some adult
structures are reported to reside within it (Haynie and Bryant,
1986; Sprey and Oldenhave, 1974). It secretes cuticle necessary
to the insect exoskeleton (Mikolajczyk et al., 1995; Milner et al.,
1983). Disruption of the PE alters the normal morphogenetic
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(Milner et al., 1983), suggesting that it contributes active
motive force and the PE participates in disc fusion at this time
(Agnes et al., 1999; Zeitlinger and Bohmann, 1999). The two
layers appear to communicate, with the PE playing a role in
the development of the underlying DP (Baena-Lopez et al.,
2003; Gibson and Schubiger, 2000; Gibson et al., 2002;
Pallavi and Shashidhara, 2003). The eye/antennal PE has been
identified as a source of the signaling molecules hedgehog
(hh), wg, and dpp (Cho et al., 2000), but what contributions
their PE expression make distinct from their expression in the
DP are unknown nor is it understood how the two signaling
sources are integrated during imaginal disc development.
In this paper, we analyze dpp mutations that specifically
disrupt a previously unknown region of dpp expression, limited
to the PE of the eye/antennal disc. The lesions associated with
these mutations reside in regulatory elements in the 5′ end of the
dpp gene, which themselves drive peripodial expression in
transgenic reporter constructs. Elimination of this peripodial-
specific expression leaves the retina largely intact but causes
defects in the morphogenesis of the ventral adult head cuticle.
These defects can be rescued by induced expression of Dpp
within this peripodial domain, indicating that the peripodial
expression is both necessary and sufficient for the head defect.
This expression is distinct from that previously described for
dpp, including that in the PE, which was visualized using a
reporter construct designed from enhancer elements located in
the 3′ regulatory region of the dpp gene (Blackman et al., 1991;
Cho et al., 2000). By analyzing known positive and negative
targets of dpp, we show that there is no apparent signal
integration between these two aspects of dpp expression. Thus,
dpp appears to promote eye development from its 3′ regulatory
elements while promoting head development from its 5′
regulatory elements.Materials and methods
Drosophila strains and genetics
The following Drosophila strains were used for this work: dpps-hc1,
dppTgR46.1, Df(2L)DTD2, P20 (Stultz et al., 2005), dpps11 (Segal and Gelbart,
1985), dpp-lacZBS3.0 (Blackman et al., 1991), l(2)10628 (Spradling et al.,
1999), P(LacZ) DadP1883, UAS Dad (Tsuneizumi et al., 1997), P{PZ} brkXA
(Campbell and Tomlinson, 1999), c311-Gal4 (Gibson and Schubiger, 2000),
UAS dpp (from Gary Struhl via William Gelbart). Flies were maintained on
standard media, and genetic crosses were performed at 25°C unless otherwise
specified. For rescue experiments, males of the genotype Df(2L)DTD2, P20/
+; UAS dpp/+ were crossed to virgin females of the genotype dpps-hc1 dpps-
hc-Gal4/CyO and shifted to 29°C at the end of the first larval instar. For
phenocopy experiments, virgin dpps-hc-Gal4/CyO females were crossed to
UAS Dad and shifted to 29°C at the end of the first larval instar.
Scanning electron microscopy
Flies were fixed in 70% ethanol, and their heads were removed. The heads
were then serially dried in increasing concentrations of ethanol. Finally, they
were washed with a 50% solution of ethanol and hexamethyldisilazane (HMDS)
and then in 100% HMDS. The samples were air-dried slowly (over 24 h) to
prevent the HMDS from crystallizing. The samples were mounted onto 12 mm
aluminum specimen stubs with an adhesive carbon pad. The samples weresputter coated with 20 nm of gold before being analyzed on a scanning electron
microscope (SEM). The SEM is a Hitachi model S-4500 operating at an
accelerating voltage of 2.0 kV and an emission current of 15 mA. Images were
recorded at various magnifications using an ImagePCI image acquisition system
interfaced to the SEM.
Plasmid constructs
SH53 and SH63 were obtained from subcloning the XhoI fragments of
lambda phage from the original Canton S Charon-4Awalk used to clone the dpp
gene (St Johnston et al., 1990) or from phage obtained from an isogenic dp cl cn
bw genomic library in lambda DASH (Stratagene) (gift of R. Padgett). The
SH06 construct was amplified by PCR from dp cl cn bw. All fragments were
subcloned into the reporter pCaSpeR-hs43-lacZ. Additionally, the SH53
fragment was cloned into the hsp70-Gal4 expression vector P221–4 (gift of
Elisabeth Knust). Transgenic lines were prepared by standard P-element-
mediated germline transformation (Spradling, 1986). Inserts of plasmids were
sequenced for verification, and all lines were mapped and stained for β-
galactosidase activity.
Histochemical and immunohistochemical detection
Imaginal discs were dissected in PBS. For histochemical detection of β-
galactosidase activity, discs were fixed in 4% formaldehyde in PBS for 7 min,
washed in PBS, transferred to Xgal solution (Blackman et al., 1991), and
incubated overnight. For immunohistochemical detection, discs were fixed for
25 min in 4% formaldehyde in PIPES buffer containing 1% Triton X-100 at 4°C.
Discs were incubated in the appropriate primary antibody diluted in Tris–HCl
buffer, 0.5% NP40, and 5% normal donkey serum overnight at 4°C (Carroll and
Whyte, 1989). The following antibodies were used: mouse anti-β-galactosidase
mAb 40-1a (Developmental Studies Hybridoma Bank) at 1:25, mouse Eyes
absent mAb eya10H6 (Developmental Studies Hybridoma Bank) at 1:20, rabbit
anti-β-galactosidase (Cappell) at 1:2500, and rabbit Cleaved Caspase-3
(Asp175) polyclonal antibody (Cell Signaling technology) at 1:50. Donkey
secondary antibodies directly conjugated to either Alexa Fluor® 488 or Alexa
Fluor® 555 (Molecular Probes) were used at 1:500. DAPI (4′,6-diamidino-2-
phenylindole) was used as a counterstain for immunohistochemical staining at a
concentration of 1:200 (diluted from 1 mg/ml stock). Imaginal discs were
mounted in either Aquamount (Gurr) for histochemical or Vectashield (Vector
Laboratories) for fluorescence and examined using DIC with a Zeiss Axiophot
or with a BioRad Radiance confocal microscope.
RNA in situ analysis
Digoxigenin (DIG)-labeled sense and antisense probes were transcribed by
T7 and T3 RNA polymerase, respectively, from XhoI or SstII digested full-
length dpp cDNA clone E55 (Padgett et al., 1987) using the DIG RNA Labeling
Kit (Boehringer Mannheim) according to the manufacturer's instructions.
Imaginal discs dissected from late third instar larvae were treated with ethanol
plus xylene and acetone instead of Proteinase K, as described (Nagaso et al.,
2001). After hybridization, samples were allowed to react with antibodies
against DIG (Roche Diagnostics). For joint detection of dpp RNA and β-
galactosidase protein, antibody against β-galactosidase was added with the DIG
antibody. Signals were detected using fluorescent secondary antibodies
(Molecular Probes). Expression patterns were analyzed with a BioRad Radiance
confocal microscope.Results
dpp head capsule mutations disrupt ventral structures in the
adult head
We previously isolated two gamma-ray-induced mutations
at dpp that affect only the adult head capsule, dpps-hc1 and
dppTgR46.1, and mapped their DNA lesions to the 5′ end of
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(Stultz et al., 2005) (Fig. 1A). The phenotypes of these
mutant flies, which we will refer to as dpps-hc mutants, are
shown in Figs. 1B–J. The sensory vibrissae on the ventral
side of the head are disrupted, with vibrissae missing at the
posterior end, and bunched or duplicated at the anterior end
(Figs. 1E, G). In some genetic combinations, the gena tissue
bearing the vibrissae appears reduced, and all vibrissae are
bunched together. The maxillary palps are variably missing,
reduced, or duplicated (Figs. 1I, J). In extreme cases, both the
anterior rostral membrane and gena tissue are greatly
diminished (Figs. 1C, G). The eyes are round, rather than
oval as in normal heads, but not rough (Fig. 1G). This
indicates that neither differentiative nor cell cycle events
leading to formation of the retina are disrupted, and, indeed,
cell cycle progression at the morphogenetic furrow is normal
in these mutants (data not shown). However, counts of
ommatidia, in third instar larvae, using embryonic lethal
altered visual system (elav) as a marker indicate that the
reduction in eye size is caused by a small, but statistically
significant reduction in ommatidia number (Fig. 1J). Other
than a reduction in ommatidia number, third instar imaginal
discs from homozygous dpps-hc mutants appear normal both
in size and shape. The dpps-hc phenotype was first observed
in certain dppshv mutants, in association with wing-venation
defects (Segal and Gelbart, 1985), but we more recently
demonstrated that the head defect is genetically separable
from other shv-associated defects (Stultz et al., 2005).
Mutations in the dpp 3′ cis-regulatory disk region (dppdisk)
cause several different head defects (Spencer et al., 1982).
First, the eye is reduced in many dppdisk mutants; however,
this reduction is more dramatic than that seen with dpps-hc
mutants. There is a loss of the majority of the ommatidia,
accompanied by the irregular or rough appearance of the
remaining ommatidia. Third instar eye discs from these
genotypes are noticeably reduced in size (Bryant, 1988;
Masucci et al., 1990). Second, antennae, but not maxillary
palps and vibrissae, are often abnormal. Third, with the
exception of the dppdisk allele dppblink, the head defects of
dppdisk mutants are accompanied by defects in derivatives of
all the imaginal discs, while dpps-hc mutants affect only
derivatives of the eye/antennal disc. dpps-hc mutations fully
complement dppdisk mutations, demonstrating that they
regulate dpp expression in this tissue independently.
dpps-hc mutants disrupt an enhancer that expresses in the
eye/antennal disc
dpps-hc mutations disrupt DNA in the 5′ cis-regulatory
region of the gene (Stultz et al., 2005). We therefore wished to
identify what aspects of dpp expression this regulatory DNA
controls. We made transgenic flies bearing β-galactosidase
reporter constructs from the region identified by the mutations.
The positions of these constructs in reference to the dpp gene
are shown in Fig. 1A. These constructs (SH06, SH42, and
SH53) express along the extreme lateral side of the eye/antennal
disc (Figs. 2A–C). This region of the disc contributes tostructures on the ventral side of the head, including the
maxillary palps, gena, rostral membrane, and vibrissae (Bryant,
1978; Gehring, 1966; Haynie, 1975; Haynie and Bryant, 1986;
Ouweneel, 1970) (Fig. 2E) and thus correlates to the structures
disrupted in dpps-hc mutants. We believe that this expression
pattern represents the true spatial pattern driven by this enhancer
region (see below). SH06 and SH42 express in a single line
running along the entire lateral edge of the antennal disc,
extending into the anterior lateral region of the eye disc. The
larger SH53 construct expresses in a similar pattern, but in two
roughly parallel lines detectable in lightly stained histochemical
preparations or when detected by immunohistochemistry (cf.
Fig. 3B). There is very little expression from these constructs in
second instar larvae; expression builds throughout the third
larval instar and continues into the early pupal stage (data not
shown). None of these constructs has significant expression in
other discs. Additional constructs 5′ and 3′ were investigated
but did not produce expression that could be reconciled to the
mutant phenotype (data not shown).
The lateral stripes of expression in the eye/antennal disc seen
in our constructs had not previously been described as an aspect
of dpp expression either by RNA in situ hybridization to
imaginal discs or in other reporter constructs (Blackman et al.,
1991). However, hints of this expression can be seen in several
published photographs of dpp RNA detected by in situ
hybridization in eye/antennal discs (Friedrich and Benzer,
2000; Masucci et al., 1990). We also see this expression in the
dpp enhancer trap l(2)10638 (Fig. S1), which is inserted
immediately 5′ of the coding region in the dpp gene (Fig. 1A).
In contrast, the expression of the commonly used dpp reporter
construct BS3.0 is shown in Fig. 2D. This 10 kb β-
galactosidase reporter construct from the 3′ cis-regulatory
region (Fig. 1A) (Blackman et al., 1991) expresses in the
antennal disc in a region fated to become the arista and third
antennal segment. In the eye disc, expression follows the
morphogenetic furrow. In other discs, this construct expresses
along the anterior/posterior compartment boundary. This
expression is distinct from that seen in our 5′ cis-regulatory
reporter constructs.
Reporter constructs from the 5′ head capsule enhancer
accurately reflect dpp expression
To determine whether our β-galactosidase expression pattern
represents true dpp expression, we performed RNA in situ
hybridization using fluorescent probes to dpp and analyzed
them by confocal microscopy (Fig. 3). The well-established
pattern of expression of dpp in the morphogenetic furrow and
antennal disc can be seen in Fig. 3A. However, close
examination of different confocal planes of the antennal disc
revealed two lines running along the lateral side (Fig. 3C′).
These lines appear identical to those seen in SH53-expressing
discs (Fig. 3B), demonstrating that this construct accurately
recapitulates the normal dpp pattern driven by this enhancer. To
further reinforce this point, we performed simultaneous RNA in
situ/β-galactosidase protein detection using eye/antennal discs
from SH53-expressing flies. As can be seen in Fig. 3D″, the
Fig. 1. Head capsule mutations at dpp. (A) Schematic representation of the dpp gene. Coordinates of the gene (St Johnston et al., 1990), in kilobases, have been
adjusted according to the actual genome sequence. The location of the exons for the transcripts are immediately below, with black boxes representing protein coding
exons, white boxes representing non-coding exons, and stippling indicating the 3′ untranslated region. The lesions associated with dpps-hc1 and dppTgR46.1 are shown;
cross-hatching indicates regions of uncertainty of mapped endpoints. A black bar indicates the position of a rescue construct, P20, which does not contain the head
capsule cis-regulatory region. This construct, in combination with a deficiency for dpp, represents a strong head capsule mutation (Df(2L)DTD2, P20) (Stultz et al.,
2005). Lines show the extent of the β-galactosidase reporter constructs. Arrowhead marks insertion site of dpp enhancer trap l(2)10638. Broken bars in the disk region
indicate 8 kb of sequence removed to conserve space in the diagram. (B–J) Defects associated with dpps-hc mutants. (B, D, F, and H) Wild-type and (C, E, G, I, and J)
mutant adult heads from genotype dppTgR46.1/Df(2L)DTD2, P20. Brackets indicate loss of head tissue in C, arrow indicates normal (D, F) and disordered vibrissae (E,
G), and circles indicate loss, reduction, or duplication of maxillary palps in I and J, respectively. (K) Diagram of adult head with relevant structures labeled, modified
from Bryant (1978) and (L) bar graph of ommatidia counts from wild-type and mutant third instar imaginal discs. dppTgR46.1/Df(2L)DTD2, P20 represents a strong
dpps-hc mutation, while dpps11 (Segal and Gelbart, 1985) represents a moderate mutation. Three discs were counted for each genotype. Data determined to be
statistically significant by ANOVA (P < 0.001).
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Fig. 2. Histochemical detection of β-galactosidase produced by dpp 5′ head
capsule reporter constructs in third instar imaginal discs. (A) SH42, (B) SH53,
(C) SH06, and (D) BS3.0 (Blackman et al., 1991). (E) The fate map of third
instar imaginal disc with relevant fated adult structures labeled. PAL: maxillary
palps, RM: rostral membrane, VI: vibrissae, GE: gena. Data summarized from
Gehring (1966), Haynie (1975), Haynie and Bryant (1986), and Ouweneel
(1970). Lateral is oriented to the left and anterior is up.
333B.G. Stultz et al. / Developmental Biology 296 (2006) 329–339RNA expression pattern (Fig. 3D) and the expression from the
SH53 construct (Fig. 3D′) co-localize.
However, the confocal analysis indicated that this expression
along the lateral side was not in the same focal plane as that of
the wedge-shaped antennal expression. Thus, the image of the
wedge-shaped expression in Fig. 3C is 8 μm below the image in
Fig. 3C′. As imaginal discs are three-dimensional sacs, with the
PE overlying the columnar DP cells, we next asked whether the
SH53-driven dpp expression could be in the PE.
We performed confocal cross-section analysis using the
SH53 reporter construct and c-311, a Gal4 driver specific to the
PE of the eye/antennal disc (Gibson and Schubiger, 2000)
driving GFP expression. Fig. 3G shows a top view of an
antennal disc triply stained for peripodial-specific GFP
expression, β-galactosidase expression driven by the SH53construct, and a nuclear stain (DAPI) to visualize the entire disc.
Figs. 3H–L represent cross-sectional data from the plane
identified by the white line in Fig. 3G. Note that SH53
expression superimposes only with GFP expression. No
expression from SH53 is found in the DP of either the antennal
or eye discs. Therefore, we conclude that the enhancer region
identified by dpps-hc mutations drives dpp expression in a
spatially restricted manner along the lateral edge of the PE of the
eye/antennal disc.
dpps-hc mutations alter peripodial expression of dpp target
genes and cause loss of dpp RNA expression in the lateral PE
The recessive nature of the dpp head capsule mutations leads
us to hypothesize that the mutant phenotype resulted from loss
of function, but we wished to establish this unequivocally. To
assess the effect of dpps-hcmutations on dpp signaling, we asked
if the expression of a collection of known dpp target genes is
altered in dpps-hc mutations. dpp transcription itself is a target of
dpp signal transduction, as where it has been possible to
examine it, all aspects of dpp expression have been shown to be
autoregulated (Biehs et al., 1996; Hursh et al., 1993), including
expression in the eye/antennal disc proper (Chanut and
Heberlein, 1997b; Pignoni and Zipursky, 1997; Wiersdorff et
al., 1996). We examined the expression of the SH53 construct in
homozygous dpps-hc mutants to determine if expression from
this construct is influenced by a reduction in dpp signaling.
Expression from the SH53 construct is reduced significantly in
dpps-hc mutants (Fig. 4B). In contrast, the disk-region-derived
BS3.0 construct is unaffected in dpps-hc mutants (Fig. 4C).
These data identify dpp as a positive regulator of the SH53
construct, and by extension, dpp peripodial head capsule
expression, but indicate that disk-region-controlled dpp expres-
sion in the DP is not an autoregulatory target of this dpp
peripodial expression.
We further explored the ability of the dpp peripodial-specific,
head capsule expression to influence other targets of dpp
signaling. Daughters against dpp (Dad), an inhibitory SMAD,
is induced by dpp signaling (Tsuneizumi et al., 1997), while
brinker (brk), a transcriptional repressor of dpp targets, is
negatively controlled by dpp signaling (Campbell and Tomlin-
son, 1999; Jazwinska et al., 1999). Both of these genes are
expressed in the PE of the eye/antennal disc in spatially
restricted patterns that are consistent with their roles as positive
and negative targets, respectively, of dpp lateral peripodial
signaling (Figs. 4D, F), further supporting the lateral peripodial
expression we have described as a functional part of dpp
signaling in the eye/antennal disc. In the case of Dad,
expression is lost in the lateral peripodial region of dpps-hc
mutants (Fig. 4E), indicating that there is a loss of dpp signaling
in this region. Expression in the DP is not affected (Fig. 4E′,
compare to D′) nor is medial peripodial expression (Fig. 4E).
For brk, the band of expression that runs approximately along
the midline between the lateral and medial edges of the
peripodial epithelium (Fig. 4F) expands toward the lateral edge
in both the eye and antennal discs (Fig. 4G), extending laterally
beyond the circle that represents the future arista. As the PE can
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internal peripodial control. The peripodial expression of eyes
absent (eya) (Fig. 4H) is unchanged in dpps-hc mutants (Fig.
S2). brk expression, shown in green, can be seen on the lateral
side of the stripe of eya expression in a dpps-hc mutant (Fig. 4J),but not in wild-type discs (Fig. 4I). As in the case of Dad, disc
proper brk expression was not altered in dpps-hc mutants (Fig.
4G′). We also examined the expression of optomotor-blind
(omb), which is another target of dpp signaling in imaginal
discs. omb does not have significant peripodial expression in the
eye/antennal disc, and its DP expression is not affected by
alterations in the level of dpp in the lateral PE (data not shown).
To further establish that dpp head capsule mutations represent
a loss of dpp expression and signaling in the PE, we performed
simultaneous RNA in situ/β-galactosidase protein detection
using eye/antennal discs from dpps-hc mutant larvae. Mutant
discs could be identified by the reduction of SH53 expression
seen in dpps-hc mutant background. Expression of RNA is
strongly reduced or eliminated in regions of the PE that still
retain significant SH53 expression (compare Figs. 3E and E′),
but the disc proper expression of dpp seen in the antennal disc
and the morphogenetic furrow is unaffected (Fig. 3F).
These data support the hypothesis that the disruption of head
capsule morphogenesis seen in dpps-hc mutants is caused by
removing or strongly reducing dpp expression and signaling in the
lateral PE of the eye/antennal disc. Furthermore, they indicate that
the dpp signaling originating in the lateral PE is not communi-
cating to known dpp targets that reside in the underlying DP, even
targets that are responsive when localized to the PE. Given the
ability of dpp to signal across tissue layers (Frasch, 1995;
Immergluck et al., 1990; Panganiban et al., 1990), the ability of
dpp to regulate its own expression (Chanut and Heberlein, 1997b;
Pignoni and Zipursky, 1997; Wiersdorff et al., 1996), and clonal
analysis data indicating that dpp receptors are required in most
eye/antennal disc cells for correct cell proliferation (Burke and
Basler, 1996b), this result was unexpected.
5′ head capsule enhancer region drives expression that is
necessary and sufficient for the head capsule phenotype
Since a mutant phenotype caused solely by loss of peripodial
expression had not previously been described, we wished toFig. 3. Localization of dpp 5′ head capsule expression to the PE. (A) Confocal
microscopy of fluorescently labeled dpp antisense probe in the eye/antennal disc,
showing characteristic morphogenetic furrow and antennal “pie-wedge”. (C)
Confocal optical section of the lateral side of the antennal DP showing “pie-
wedge”. (C′) Confocal section of the lateral side of the antennal disc PE, note
parallel lines of dpp expression. Compare to (B) β-galactosidase expression
directed by the SH53 construct and detected by immunohistochemistry. (D)
Simultaneous confocal detection of dpp RNA (D), β-galactosidase expression
from SH53 (D′) in wild-type discs at the level of the PE. D″ is the merge of the
expression shown in panels D and D′. (E) dpp RNA (E), β-galactosidase
expression from SH53 (E′) in dppTgR46.1/Df(2L)DTD2, P20 mutant discs at the
level of the PE. Brackets and arrowheads highlight regions that show SH53
staining but have reduced or no dpp RNA expression. (F) Lower magnification
view of the disc shown in panel E. Arrows show the presence of themorphogenetic
furrow and “pie-wedge” expression of the disc proper. Lateral is oriented to the left.
(G–L) Peripodial staining of SH53 reporter as shown by confocal Z-sectioning.
(G) Top view of the stained antennal disc. SH53 reporter shown in red, amarker for
the PE shown in green, and nuclei are stained with DAPI in blue.White line shows
the approximate plane of Z-section. (H) Cartoon of the antennal disc with the PE
oriented on top in green overlaying the DP below in blue. Channels show (I) DAPI
staining, (J) peripodial GFP, (K) SH53 β-galactosidase staining, and (L)
composite, respectively. Lateral is oriented to the left and PE is on top.
Fig. 4. Response of dpp target genes in dpps-hcmutations. (A) Histochemical detection of SH53 expression in a wild-type disc. Note that expression appears as a broad
band in this slightly overstained disc. (B) Expression of SH53 in dppTgR46.1/Df(2L)DTD2, P20 mutant disc. Note missing expression in the middle section of normal
SH53 staining. (C) Expression of BS3.0 in the same genotype as panel B. Compare with Fig. 2E; no change is observed. (D) Confocal detection of PE expression of
Dad-lacZ in wild-type disc. Note area of expression on lateral side of the disc (bracket). (D′) Dad-lacZ expression from same disc, optical section taken from DP. (E)
Dad-lacZ expression in PE, in same genotype as panel B. Note absence of bright expression on lateral side (bracket). (E′) Dad-lacZ disc proper expression from same
disc. No alterations in expression are seen compared to D′. (F) Wild-type brk-lacZ expression in the PE. Note that expression does not extend laterally past future arista
(circle). (E′) brk-lacZ expression in wild-type disc, taken from DP. (G) brk-lacZ expression in PE, same genotype as B. Note expansion of brk expression toward the
lateral side past future arista (circle). (G′) Disc proper brk-lacZ expression in same disc as G, no change observed compared to panel F′. (H) Confocal Z-stack
projection of eya expression in a wild-type disc. Note ribbon of peripodial expression extending from antennal stalk into the eye disc (brackets). (I) Wild-type disc
double labeled to show eya (red) and brk-lacZ (green). Note that, in wild-type, brk does not extend laterally beyond the eya expression domain, marked with brackets.
(J) Mutant disc of same genotype as panel B. Note areas (arrows) where brk-lacZ expression now extends laterally beyond the domain of eya expression (brackets).
Lateral is oriented to the left and anterior is up for all imaginal discs. In panels D–G, PE indicates optical section of peripodial epithelium and DP denotes disc proper.
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our SH53 construct could rescue the dpp head capsule mutant
phenotype. A Gal4 activating construct (dpps-hc-Gal4) was
produced with the same fragment of DNA used in SH53 (Fig.
S3) and employed to express UAS dpp in a head capsule mutant
background. The genotype used, Df(2L)DTD2, P20/dpps-hc1,
produces fully penetrant and fully symmetrical head capsuledefects. When the dpps-hc-Gal4 driver and UAS dpp were added
to this genetic background, the mutant phenotype was almost
completely suppressed at 29°C (Fig. 5A). Less dramatic
phenotypic suppression was also seen at 27°C (55% reduction
in penetrance) and 25°C (22% reduction in penetrance) (data
not shown), and at these temperatures, many mutant flies
displayed asymmetric head defects, which are routinely seen in
Fig. 5. Rescue and phenocopy of dpps-hc mutant phenotype by expression of Dpp and Dad, respectively, in the lateral PE domain. (A) Targeted expression of UAS dpp
by dpps-hc-Gal4 in a Df(2L)DTD2, P20/dpps-hc1 mutant background at 29°C. This genotype produces strong, fully penetrant, and symmetrical head capsule defects. In
the presence of UAS dpp, penetrance is reduced to 2% of expected class. (B) Targeted mis-expression of UAS Dad by dpps-hc-Gal4 at 29°C produced 58% mutant flies
within the expected class. The driver crossed to yw flies under the same conditions produced no flies with mutant phenotypes. (C) Example of a mutant head produced
by targeted expression of Dad by dpps-hc-Gal4. Arrows indicate vibrissae defects, while circle indicates reduced maxillary palpus.
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We also used targeted expression of the inhibitory SMAD, Dad,
with the dpps-hc-Gal4 driver to interfere with dpp signaling in
the lateral PE domain in wild-type flies. Overexpression of Dad
blocks Dpp activity in a cell-autonomous fashion (Tsuneizumi
et al., 1997) and, when expressed in the domain defined by
SH53, resulted in 58% of the flies showing a head capsule
mutant phenotype (Figs. 5B, C). These data indicate that
providing Dpp only in the lateral peripodial epithelium is able to
rescue the observed ventral head defects of dpps-hc mutants and
that interfering with Dpp signaling solely in the lateral PE of the
eye antennal disc mimics the dpps-hc mutant phenotype. Taken
together, these data clearly demonstrate that the defect observed
in dpps-hc mutants is caused solely by disruption of dpp
signaling emanating from the lateral PE.
Loss of dpp signaling in the lateral PE results in apoptosis in
the underlying DP
Aspects of the dpps-hc mutant phenotype (such as the
variable loss or duplication of maxillary palps) suggested cell
death and regeneration as an underlying cause of the observed
defects. We examined mutant third instar imaginal discs for
programmed cell death using an antibody to cleaved Caspase-3,Fig. 6. Induction of apoptosis in the disc proper of dpps-hcmutants. Confocal microsco
directed by SH53 (red) and cleaved Caspase-3 (green) in panel Awild-type and (B) dp
increased Caspase activity (red). White line indicates approximate plane of Z-section.
marker c311-Gal4 (green), with DAPI-stained nuclei (blue). (D′) Note pycnotic apo
anterior up in panels A–C. In panels D, D′ lateral is to the left, and peripodial epithan early marker of apoptosis (Yu et al., 2002). Fig. 6A shows a
wild-type third instar disc, stained for SH53 β-galactosidase
expression and activated Caspase-3. In a mutant disc, identified
by reduced SH53 expression (Fig. 6B), increased regions of cell
death are seen, particularly in the lateral side of the eye and
antennal discs. While some of this cell death was at the level of
the PE, cross-sectional analysis, marking the PE with the c-311
Gal4 driver (Figs. 6C–D′), indicates that the majority of cell
death was occurring at the level of the DP and that the dead
cells, identifiable both by cleaved Caspase-3 staining and by the
presence of pycnotic nuclei, were being basally extruded from
the DP. These data indicate that, while the dpp targets we
examined in the DP are not affected by loss of dpp expression in
the peripodial epithelium, cell viability in the DP is affected.
This demonstrates that peripodial dpp expression supports cell
survival in the disc proper.
Discussion
We describe here a class of dpp mutations that specifically
disrupt a previously unknown location of dpp expression within
a restricted region of the PE of the eye/antennal disc. These
mutants have defects in the ventral adult head capsule,
indicating that this peripodial-specific expression contributespy in third instar imaginal discs shows detection of β-galactosidase expression as
pTgR46.1/Df(2L)DTD2, P20 discs. (C) Top view of region of mutant eye disc with
(D) Confocal Z-section showing activated Caspase-3 (red), peripodial epithelium
ptotic nuclei indicated by arrows. Discs are oriented with lateral to the left and
elium is oriented on top.
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controlled by cis-regulatory elements at the 5′ end of the dpp
gene, and there is a strong correlation between this expression
and the position of primordia of adult structures disrupted in
dpps-hc mutants. We have also demonstrated that this lateral
peripodial expression is causally responsible for the observed
defect by rescuing the mutant phenotype with Dpp expression
targeted to the lateral PE and phenocopying the head capsule
defect by interfering with Dpp signaling in this same domain. In
contrast, the dpp 3′ cis-regulatory region, which is known to
mediate dpp expression in all imaginal discs, drives a different
pattern of expression in the eye/antennal disc; one that
correlates with the effects of dppdisk mutants on retinal
formation and the proximal–distal elaboration of the antennae
(Blackman et al., 1991; Chanut and Heberlein, 1997a; Masucci
et al., 1990). There are regions of peripodial expression
regulated by 3′ cis-elements (Cho et al., 2000), but they do
not overlap with the expression caused by the 5′ cis-elements.
dpps-hc and dppdisk mutations do not resemble each other in their
mutant phenotypes nor do they interact genetically, suggesting
two independent but parallel roles of dpp in the morphogenesis
of the adult head.
The peripodial-specific dpp expression, mediated by the 5′
head capsule region, communicates to targets within the PE, as
demonstrated by the alteration of the peripodial expression of
dpp targets: dpp, Dad, and brk. However, this peropodial-
specific dpp expression does not appear to communicate to
these same targets within the DP as, here, expression of dpp,
Dad, and brk is not altered in dpps-hc mutants. In other words,
this peripodial source of the Dpp ligand does not appear to be
communicating with the receptors controlling these disc-proper-
specific targets. There are two possible explanations for these
results. First, this peripodial-specific Dpp ligand might not be
able to physically interact with the receptors in the underlying
DP tissue, which are controlling these dpp targets. The Dpp
ligand might be retained at the cell surface of the PE or be
unable to access the receptors in the underlying DP. Second, the
PE signal might not be of sufficient strength to affect these
targets in the DP. The amount of Dpp available locally in the PE
might be sufficient to activate PE receptors controlling these
targets, but insufficient amounts might cross the lumen to
activate the same targets in the DP. These results do not exclude
that other dpp targets in the DP are affected by the lateral
peripodial signaling. For example, we note that the primordia of
structures altered in dpps-hc mutations, such as the palps and
vibrissae, are reported to reside in the DP (Haynie and Bryant,
1986). This indicates that altered peripodial Dpp signaling is
disrupting the morphogenesis of structures which arise from the
underlying disc.
Some of this disruption may be caused by cell death and
we observe apoptosis in the DP in dpps-hc mutants, indicating
that dpp signaling in the peripodial epithelium supports cell
survival in the DP, even at some distance from the lateral side
of the disc. Dpp receptors are reported to be required on all
DP cells for normal growth and survival (Burke and Basler,
1996a,b; Gibson et al., 2002; Martin-Castellanos and Edgar,
2002), and disruption in growth factor signaling, particularlythat of the dpp pathway, results in apoptotic cell death
(Adachi-Yamada et al., 1999; Moreno et al., 2002). When
monitored in imaginal discs, this cell death is accompanied by
basal extrusion of dying cells, similar to what we observed
(Moreno and Basler, 2004). Thus, the cell death we observed
in the DP due to loss of peripodial Dpp expression may be
related to this phenomenon and could be a direct effect of
BMP signal transduction, although it is formally possible that
cell survival is controlled indirectly by the 5′ peripodial
specific Dpp expression through a secondary signal transduc-
tion mechanism. This would suggest that the peripodial
source of Dpp supports cell viability in the DP but may not
be involved in the direct activation of target genes associated
with patterning in this epithelial layer. It is known that
different targets have different thresholds of response to Dpp
(Nellen et al., 1996) and has been suggested that DP
patterning targets such as omb may require higher levels of
signal, while other targets, such as those that control cell
proliferation and viability, may require less (Martin-Castella-
nos and Edgar, 2002). In such a model, peripodial Dpp could
contribute to a general pool that supports cell proliferation
and viability of the DP but would have insufficient signal
strength to activate patterning targets in this layer.
Dpp signaling thus comes from at least three sources
during the development of the eye/antennal disc: the
peripodial and disc proper expression caused by the 3′ cis-
regulatory elements and the peripodial expression caused by
the 5′ cis-regulatory head capsule elements. dpp has a well-
established role in promoting the formation of the Drosophila
eye and in suppressing head cuticle while other signaling
molecules, such as wg and hh, have been postulated to
promote head cuticle development (Ma and Moses, 1995;
Royet and Finkelstein, 1996; Royet and Finkelstein, 1997;
Theisen et al., 1996; Treisman and Rubin, 1995). The
discovery of another source of dpp, within the same organ
primordia and with an apparent opposite function, increases
the complexity of dpp signal transduction, but the existence
of our new head capsule mutations that remove only a
peripodial signaling source should help dissect out the
numerous roles that dpp plays in eye/antennal disc develop-
ment and the function of the PE in this process.Acknowledgments
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